Abstract. There are complex interconnections between the nervous system and the skin highlighted by the impact of stress and neuroendocrine factors on various dermatological conditions. We investigated the influence of stress on skin neurogenic inflammation induced by capsaicin. A total of 31 healthy subjects were randomized into two groups: subjects in the stress group underwent a stress-inducing protocol and those in the control group were exposed to indifferent conditions. Subsequently, topical capsaicin cream was administered on the non-dominant anterior forearm of each subject from the two groups. The assessment of the local inflammatory reaction induced by capsaicin was performed by thermography at 25 and 40 min post-application. In both groups the inflammatory reaction induced by capsaicin was evidenced at 25 min and was maintained at 40 min post-application. However, at 40 min post-application the hyperthermal area was larger in subjects from the stress group, suggesting that stress exposure is associated with an amplification of the mechanisms involved in capsaicin-induced skin neurogenic inflammation.
Introduction
Stress has become a major component of modern lifestyle, the human body being frequently faced to the need for adaptation. Through its impact on the mechanisms of homeostasis, stress can alter health, stress-related illnesses being an alarming ongoing problem in developed countries, both through social costs and healthcare spending, but also economic losses from productivity decline (1) (2) (3) (4) .
Numerous studies have suggested that stress can be involved in triggering or aggravating various dermatological conditions, from skin cancer to inflammatory skin diseases such as psoriasis, atopic dermatitis, seborrheic eczema, acne, prurigo nodularis, lichen planus, chronic urticaria, rosacea and alopecia areata (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . The complexity of interconnections between the nervous system and the skin are surprising at the first glance; the action of stress on skin can be exerted both directly through the peripheral nervous system and indirectly through endocrine and immune systems.
Neurogenic inflammation is a particular type of inflammatory response, highlighting the multitude of neurocutaneous connections. The neurogenic inflammatory process developed in the skin is a potential factor involved in the onset and progression of some of the inflammatory dermatological diseases (9, 16) . Hence, the study of mechanisms of activation and modulation of neurogenic inflammation has both clinical and fundamental importance.
Previous studies have highlighted the effect of stress on the mechanisms involved in the cutaneous neurogenic reaction, such as modulating the density and activity of nociceptive nerve fibers sensitive to capsaicin, modulating the activity of their neurons, increasing SP release from the unmyelinated nerve endings of the skin and the degranulation of cutaneous mast cells (17) (18) (19) (20) (21) .
In this study, we aimed to assess the influence of stress on the capsaicin-induced skin inflammatory reaction, one of the most commonly used neurogenic skin inflammation models in scientific research (22) (23) (24) . To achieve this goal we proposed a good control of unwanted external stressors. In order to induce psychological stress, we proposed the development and implementation of an easy-to-use protocol that contains various tasks capable of generating stress differently, thus allowing stress to be induced to as many categories of subjects as possible and avoiding the installation of habituation. We also sought to evaluate the capsaicin-induced inflammatory response by methods in which the subjective factor had the least possible involvement.
Subjects and methods
Subjects. In this study, 31 healthy subjects of both sexes (M=13, F=18) were enrolled, aged between 20 and 35 years (mean age 25.096 years).
The study was carried out with the approval of the Ethics Committee of Carol Davila University of Medicine and Pharmacy (Bucharest, Romania). At the time of the study, all participants attended university studies and enrollment in the study was done on a voluntary basis. The participation of the subjects in the study was conditioned by a written consent.
Subjects with cardiovascular or respiratory diseases, autoimmune diseases, neoplasms, organ transplants, allergic reactions to the substances used in the study, as well as subjects treated with drugs that may influence the physiological parameters studied were excluded from the study. Other exclusion criteria were major psychiatric diseases and major stress or infectious diseases in the previous month. Moreover, pregnant or lactating women were excluded from the study.
Study participants were asked to avoid drinking psychoactive substances, alcohol, coffee, tea, energy drinks or containing caffeine, smoking, medication, and intense physical effort 24 h before the test.
Subjects included in the study were randomized into two groups: stress group of 17 subjects (F=10, M=7, mean age 25.12±4.96 years) undergoing a stress-inducing protocol; and control group of 14 subjects (F=8, M=6, mean age 25.07±4.32 years) who were exposed to indifferent conditions.
Procedures. Experiments were performed during the afternoon (12:00 p.m. -18:00 p.m.) and lasted approximately 2 h per subject. During the experiments, a temperature of 22±2˚C and a humidity of 50±5% were maintained in the laboratory.
Upon arrival at the place of the experiment, the subjects were given a 15-min period of accommodation with the laboratory conditions, completing the inclusion forms in the study.
In order to quantify the impact of stressors in everyday life prior to participating in the study, we assessed the level of perceived stress for each subject using the Perceived Stress Scale (PSS) questionnaire (25) .
Subsequently, each of the subjects participated in a 30-min computerized stage in which the subjects in the stress group underwent a stress-inducing protocol, and those in the control group were exposed to indifferent conditions. The stress-inducing protocol contained three phases of similar duration: a phase of viewing images with negative emotional load; an arithmetic counter-clock test phase; and a counter-clock intelligence test phase. Exposure to indifferent conditions was accomplished by viewing images with no negative emotional load.
Both during the accommodation and during the experiments the subjects were placed in a sitting position on a comfortable chair.
For 1 min before and during the computerized stage, the skin conductance was recorded in each subject. At the end of this stage, each of the subjects quantified on a scale from 0 to 10 the level of stress experienced during exposure to the stress induction protocol and indifferent conditions, respectively.
At the end of the computerized stage, the subjects in both groups participated in the capsaicin exposure stage in which, at the middle third of the non-dominant anterior forearm, topical capsaicin cream was administered at 0.1%. The cream was kept in contact with the skin of the subjects for 10 min, after which it was removed. The assessment of the local inflammatory reaction induced by capsaicin was performed by cutaneous thermography, and the thermographic images taken at 25 and 40 min after the onset of capsaicin administration were analyzed.
Viewing images with/without negative emotional load. The phase of viewing images with negative emotional load in the stress-inducing protocol and exposure to indifferent conditions by viewing images without unpleasant connotations were performed using the IAPS image set (26) . The images used in the experiment were chosen on the basis of the individual emotional, activation and dominance values indicated in the IAPS technical report and were divided into two sets: a set of images without negative emotional load that contained neutral, pleasant or intense pleasant images; and a set of negative emotional images that contained neutral, unpleasant or intense unpleasant images.
The images were displayed on the screen of a monitor using a software developed by our group (27) . The image display interval was 7 sec and was chosen experimentally so that the subjects were exposed for long enough to the visual stimulus in order to achieve a reaction and at the same time to avoid habituation.
Arithmetic counter-clock test.
The arithmetic test phase of the stress induction protocol was based on a similar MIST stress test concept (28) . It was accomplished through a program that displays on a monitor screen arithmetical operations that the subject is trained to solve mentally within a limited time-frame.
Counter-clock intelligence test. For the phase of the stress-inducing intelligence test, we used a computerized version of the Raven's Progressive Matrices test (29) , which is a non-verbal evaluation of the level of general intelligence (30) .
The Raven test was used in the experiment because the notion of psychological test and assessment of intelligence level, accompanied by the investigator's assertion that test results will also be important in the experiment, is an important stress factor. In addition, the time frame available to solve the problems was limited to 10 min.
Evaluation of cutaneous conductance. The skin conductance was recorded via a Varioport-B portable acquisition system (Becker Meditec, Karlsruhe, Germany) in a 8-bit digital system (spectrum = 0-70 µsec) at a frequency of 250 Hz. The recording was performed in a bipolar system using two circular-shaped Ag/AgCl electrodes with a 10 mm diameter contact surface (Becker Meditec), with a constant 0.5 V. The applied current had a low voltage so it could not be perceived by the subjects.
Electrode placement was performed with caution, and subjects were instructed to avoid changing position during the test to reduce the risk of electrode detachment due to movement and sweat secretion. The electrodes were positioned at the palm of the non-dominant hand, on the thenar and hypothenar eminences, ensuring a constant contact area and good contact between the electrodes and the skin surface (27) . An isotonic paste with a composition close to that of the eccrine sweat secretion (31) was applied to the surface of the electrodes and they were applied to the skin using double-sided adhesive rings.
Prior to applying the electrodes, the skin was cleaned with water and soap, while avoiding skin abrasion maneuvers or contact with solvent agents. The level of skin conductance was determined for 1 min under baseline (reference) conditions. Then, recording of skin conductance continued throughout the computerized stage.
In 4 subjects, two in each lot, recording of skin conductance could not be completed due to technical reasons (recording artifacts or discontinuation of equipment activity).
For each subject, the average skin conductance level was calculated for the reference period and for the computerized stage. The average level of skin conductance for the computerized stage (stress induction protocol or exposure to indifferent conditions) was expressed as a percentage of basal level.
Administration of capsaicin.
Capsaicin was topically applied as a 0.1% cream (CVS Pharmacy, Woonsocket, RI, USA). For each subject, 75 mg of 0.1% capsaicin cream on a 3.142 cm 2 cutaneous area was administered via a polycarbonate adhesive disc (Lucid Inc., Rochester, NY, USA). This capsaicin application method allowed isolation of the investigated region from the adjacent skin, an uniform administration of the same amount of active substance on a similar skin surface to all subjects and a better penetration of the active substance into the skin, generated by the occlusive effect induced by the plastic adhesive disc.
Evaluation of the inflammatory reaction by cutaneous thermography. Thermographic evaluation was performed with a FLIR ThermoVision A320 camera (Flir Systems, Danderyd, Sweden). The images were taken at a frequency of 30 Hz with a resolution of 320x240 pixels. The thermographic camera was fixed at a determined distance by the non-dominant forearm of each subject, and during the thermographic recording, subjects were asked to avoid altering the position of the forearm.
The thermographic images taken at 25 and 40 min after the onset of capsaicin application were analyzed. Inflammatory area measurement was performed using the ImageJ 1.45s image analysis program (http://rsbweb.nih.gov/ij/; National Institutes of Health, Bethesda, MD, USA). Two measurements were made for each subject and each experimental stage, while the value of the inflammatory area was expressed as the mean of the two measurements.
Statistical analysis. We used SPSS 15.0 software (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism (Graphpad Software, Inc., San Diego, CA, USA) for statistical analysis of data. The confidence level between the two measurements of the capsaicin-induced inflammatory area, performed for each subject in the two groups and for each time interval, was estimated by the intraclass correlation coefficient (ICC) tests in a two-way mixed effects model using a definition of absolute agreement. To test the normality and homogeneity of the data distribution, Bartlett's test was used. The differences between the two groups were evaluated using two-tailed independent samples Student's t-test for normal and homogeneous distribution and Mann-Whitney U test when the data did not express a normal and homogeneous distribution. Within each of the two groups, an evaluation of the inflammatory area evolution was performed using the Wilcoxon signed-rank test. The results were presented as mean ± standard deviation (SD). P<0.05 values were considered to indicate statistically significant differences.
Results
Initially, a comparative analysis was performed in the two groups of the global level of perceived stress, using the PSS score. Control group subjects had a PSS score of 23.2857±5.2540, and those in the stress group had a PSS score of 22.5882±4.9882. There were no statistically significant differences between groups (P=0.7080).
Further, a comparative analysis of the self-assessed level of stress experienced during the computerized stage by the subjects of the two groups was carried out. Moreover, the effects of exposure to the stress induction protocol and indifferent conditions on skin conductance were also compared (Table I and Fig. 1) .
The stress experienced during the computerized stage had a score of 0.9643±1.117 in control group subjects and 4.7647±1.888 in subjects in the stress group, the difference between the two groups being statistically significant (P=0.00001).
Regarding the skin conductance reference level, there were no statistically significant differences between the two groups (P=0.5125). In contrast, exposure to the stress induc- Table I . Comparative analysis of cutaneous conductance and self-assessed stress at the end of the computerized stage. tion protocol resulted in a statistically significant increase in the level of skin conductance. Thus, the average level of skin conductance during the computerized stage, expressed as a percentage of the reference level, was 106.1919±4.7425% for the stress group vs. 101.2734±3.8161% for control group (P=0.0074 two-tailed independent samples t-test). The evaluation of capsaicin-induced skin reaction was performed by analyzing in each group the evolution of the inflammatory area assessed by thermography at 25 and 40 min after capsaicin application, followed by quantification of the differences between the two groups for each of the above mentioned time intervals. The ICC of the capsaicin-induced inflammatory area measurements was 0.989.
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Within the control group, the inflammatory area evaluated 25 min after capsaicin administration was 4.7610±5.0133 cm 2 , while at 40 min post-application it appeared to slightly decrease to 3.5842±3.4560 cm 2 , without the difference between the two values reaching the level of statistical significance (P=0.064039, two-tailed Wilcoxon signed ranks test).
In stress group, 25 min after application of capsaicin the inflammatory area had a value of 10.0063±10.8107 cm 2 and at 40 min post-application was 9.4286±8.7749 cm 2 , the difference between the two values being not statistically significant (P= 0.90579).
Comparative analysis between groups (Table II and Figs. 2 and 3) showed that even if at 25 min after capsaicin administration there were no statistically significant differences (P=0.2040, Mann-Whitney test), at 40 min post-treatment, the inflammatory area was significantly higher in the stress group, compared to control group (P=0.0429).
Discussion
Despite the great impact of neuroendocrine factors in dermatological conditions and the extensive research in animal or in vitro models, until now there are only a limited number of studies in human subjects regarding the role of stress in modulation of capsaicin-induced skin reactions. However, a recent study on healthy women showed that increased numbers of stressful life events are associated with a larger area of secondary hyperalgesia after topical application of capsaicin (32) . Another investigation by Lutgendorf et al (33) on 50 healthy subjects of both sexes showed a decreased capsaicin-induced skin inflammation associated with stress reduction by relaxation techniques but could not reveal a direct impact of stress on this reaction. Another study of the same research group assessed the impact of stress and relaxation on the pain sensation induced by cutaneous administration of capsaicin, indicating that women undergoing relaxation experienced a significantly lower level of pain than those exposed to stress (34) . Research has shown that stress reduction techniques can lessen the neurogenic inflammatory response induced by topical administration of capsaicin, the impact being different depending on the technique used (35, 36) .
In our study regarding the stress influence on the capsaicininduced inflammatory neurogenic reaction we highlighted that exposure to the stress induction protocol that we have implemented determined a significantly higher level of stress during the computerized stage. It also induced a significant increase of skin conductance, indicating an important sympathetic activation (37, 38) . Within the subjects in both groups, topical application of capsaicin caused an inflammatory reaction that was evidenced by thermograpy at 25 min and was maintained at 40 min post-application. The hyperthermal area induced by topical application of capsaicin was higher at 40 min postapplication in subjects in the stress group, suggesting that acute stress exposure is associated with an extension of the area and duration of action of the mechanisms involved in capsaicin-induced skin neurogenic inflammation.
Previous studies have highlighted the important role played by dorsal root reflexes in the extension of the skin inflammation induced by capsaicin (39, 40) . Stress may increase the capsaicin-induced cutaneous inflammatory response by facilitation of this type of reflexes by the modulator actions of catecholamines on the activity of nerve fibers sensitive to capsaicin and their neurons of origin (17, 18) . The skin inflammatory response determined by capsaicin is dependent on the integrity of the sympathetic nervous system, its modulation being probably achieved through α1-adrenergic receptors (41, 42) . Moreover, the increased inflammatory response induced by capsaicin correlates with the high serum level of norepinephrine (33) .
Another way of acting through which stress could induce the amplification of the inflammatory area is to stimulate mast cell degranulation. The important role of mast cells in the capsaicin inflammatory response was highlighted in previous studies (43) , and stress exposure determines a significant and rapid increase in the percentage of degranulated mast cells (19, 20) .
In conclusion, our results show that acute stress exposure induces an amplification of the capsaicin-induced skin inflammatory response. It is likely that the influence of sympathetic activation and possibly other mechanisms, such as direct modulatory effects on mast cells, nociceptive nerve endings and their neurons of origin, would have a strong impact on the amplitude of capsaicin-induced inflammatory reaction in the skin.
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